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Abstract 
The sorption enhanced steam methane reforming (SE-SMR) in a laboratory scale fluidized bed reactor is investigated 
using a three-fluid model. The binary sorbent and catalyst particles segregate due to the density difference between 
them. The light sorbent particles tend to rise and the heavy catalyst particles tend to sink initially. As the process 
proceeds, the sorbent particles adsorb more CO2 and become heavier, and the density difference between the binary 
particles will become smaller, thus they tend to be well-mixed. As the sorbent particles are either at the upper sections 
of the bed or well-mixed with the catalysts, the adsorption of CO2 can always play the role of sorption enhancement, 
the hydrogen purity at the outlet is between 98-99% before the breakthrough, which is much higher than that (73-74%) 
of steam methane reforming (SMR) process. Due to the exothermic CO2 adsorption reaction and the mixing of the 
gas particle flows, a homogeneous gas/particle temperature distribution is found in the whole bed. In general, the 
hydrogen purity obtained in the simulations agrees fairly well with the experimental data from Johnsen et al. [1].
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing 
committee of 2nd Trondheim Gas Technology Conference. 
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Nomenclature 
H    enthalpy change, KJ/mole  
k1, k2, ks    rate coefficients 
K1, K2, K3 equilibrium constants 
pi    the partial pressure for gas species i, Pa 
2
eq
COp        equilibrium partial pressure of CO2, Pa
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Ri                 reaction rate of reaction i  
Rsp               CO2 adsorption rate 
S            specific surface area, m2/g 
t             time, s 
Tin          inlet temperature at the fluidized bed reactor, K 
Xad     relative adsorption of CO2, the ratio between mass of captured CO2 per sorbent weight and 
maximum capture capacity per sorbent weight 
1. Introduction 
 Hydrogen is currently an important raw material in a number of chemical-, petroleum- and 
metallurgical processes. It is also considered to be a potential clean energy carrier [2]. Currently the large 
scale production of hydrogen is mainly dominated by steam reforming of fossil fuels, especially natural 
gas. A technology named steam methane reforming (SMR) with water gas shift (WGS) is often applied. 
As methane is the major component of natural gas, the chemical reaction for SMR is [3]: 
CH4 +H2O = CO +3H2            H298 = 206 KJ/mole                                    (1) 
The WGS chemical reaction is: 
CO +H2O = CO2 + H2             H298 = - 41 KJ/mole                                    (2) 
The combination of the two reactions is: 
CH4 +2H2O = CO2 +4H2        H298 = 206 KJ/mole                                    (3) 
The traditional hydrogen production process is SMR followed by WGS.  In SMR, a nickel-based catalyst 
is used, and the chemical reactor is operated in the temperature range 750-900oC and the pressure range  
15-30 bar [2,4,5]. In the WGS, a Fe- or Cu-based catalyst is often used and the reaction is carried out at a 
temperature of 400 oC approximately. Hydrogen and CO2 are the main products of the SMR process. As 
the increasing impact of global warming caused mostly by the increasing concentrations of greenhouse 
gases, the emission control of CO2 as the most important greenhouse gas has been concerned by many 
researchers. Hence a process called sorption enhanced steam methane reforming (SE-SMR) which is the 
integration of the hydrogen production and CO2 separation is becoming important. In this process, carbon 
dioxide is captured by a sorbent. If a CaO based sorbent is applied, the adsorption reaction is: 
CaO +CO2 = CaCO3               H298 = -178 KJ/mole                                       (4) 
The adsorption of CO2 drives reaction (2) and (3) to the right, thus reaction (1) is driven to the right too. 
A faster hydrogen production as well as a higher hydrogen purity can be obtained. The SMR and WGS 
reactions can be operated in one reactor too, and carried out at a relatively low temperature (about 600 oC)
and lower pressure (1-10bars). In a SE-SMR reactor, the SMR-catalyst and CO2 sorbent particles are 
filled in the bed. The WGS-catalyst is not needed anymore. In this application, the reactor could be 
designed either as a fixed bed or a fluidized bed. Many studies on the reactor performance have been 
focused on fixed bed reactors both in experiments [4,6,7] and numerical simulations [5,8]. The fixed bed 
has several apparent disadvantages: Firstly, hot spots may occur in the bed since the sorbents and 
catalysts are fixed. Secondly, as the catalyst and sorbent particles should be comparatively large ranging 
from millimetres to centimeters, their performance will be reduced due to the diffusion limitations. 
Thirdly, it is troublesome to replace the particles at maintenance. Fourthly, the switch-type of reaction- 
regeneration operation is not convenient [2]. A fluidized bed is possibly a better reactor design for the SE-
SMR process in order to avoid these disadvantages. Several papers have reported studies on the 
performance of the SE-SMR process in fluidized bed reactors. Johnsen et al. [1] conducted an 
experimental investigation of the reforming and the sorbent calcination in cyclic operation in a bubbling 
fluidized bed reactor. Johnsen et al. [9] studied the SE-SMR and sorbent regeneration processes 
conducted continuously in two coupled bubbling beds with a homogeneous model. Lindborg and 
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Jakobsen [10] studied the SE-SMR process performance in a bubbling fluidized bed reactor by using a 
two-dimensional model. Wang et al.[11] investiaged the performance of a bubble bed SE-SMR reactor 
using a three-dimentisonal model. It was concluded that a more uniform temperature and higher hydrogen 
purity could be obtained compared with a fixed bed reactor. In their fluidized bed reactor model, the 
catalyst and the sorbent are integrated together in one type of particles. In real applicaitons, they could be 
directly applied in two types of particles with different properties. The focus of the present paper is on the 
binary particle catalyst-sorbent fluidized bed reactor. The objective of the present paper is to investigate 
the flow behaviour and the process performance of the fluidized bed reactor with the binary particles 
using a hydrodynamic multi-fluid reactive flow model. 
Table 1. Bed dimensions and properties of sorbents and catalysts
Parameters Values
Bed height (m) 0.66 
Bed diameter (m) 0.1 
Total mass of the particles(kg) 3.1 
Catalyst to calcined dolomite mass ratio 2.5 
Static bed height (m) 0.3 
Catalyst particle size (­m)ǂ 150-250 
Dolomite particle size (­m) 125-300 
Reforming Temperature (oC) 600
Superficial gas velocity(m/s) 0.096 
Steam to carbon molar feed ratio 3
Catalyst density (kg/m3) 2200
Dolomite density (kg/m3) 1560
2. Mathematical model and numerical simulations 
A three-fluid model has been formulated and applied to investigate the flow behavior of the gas, sorbents 
and catalyst, and the process performance. In the reactor, CaO based sorbents and Ni/MgAl2O3 catalysts 
are used. The basic kinetic theory of granular flow (KTGF) multi-fluid Eulerian model which was 
reported in a previous publication [11] is used in the present study of the gas-sold flow. In the model, the 
gas and particle phases are treated as interpenetrating continuous fluids. The governing transport 
equations are derived based on the basic billiard ball collision theory and some statistical methods to 
obtain the continuity equations, Navier-Stokes-like momentum equations and other transport equations 
describing the flow dynamics of fluidized beds. The reaction kinetics [2, 3, 13, 14] is added to the model 
to simulate the SMR and CO2 adsorption reactions. The SMR reactions described by the kinetics model 
proposed by Xu and Froment [3] are used in the current simulations: 
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where 
2 2 4 4 2 2 2CO CO H H CH CH H O H O H
DEN 1 K p K p K p K p p= + + + +                                                                (8) 
The rate equation for CO2 adsorption by the CaO sorbent is taken from Sun et al. [13]: 
( )( 2 2SP CO56 1 neqad s ad COdX )R k X p pdt= = − − S                                                                              (9)  
The simulation work is done for a laboratory scale reactor from the literature [1]. The reactor is 
assumed adiabatic. The bed dimensions and the properties of the particles are listed in Table 1. In the 
simulation, the particle sizes of the catalysts and sorbents take the average particle diameters 200 mμ  and 
212.5 mμ  respectively. Notice that the catalysts are heavier than the sorbents, so they may segregate 
under some operation conditions.   
3. Results and Discussions 
Figure 1 shows a comparison of the axial hydrogen purity distribution as obtained for the SMR and 
SE-SMR processes. In the figure, the labeled Xad values denote the relative adsorption which is the ratio 
of amount of CO2 adsorbed q to the maximum adsorption ability qmax per mass of sorbents. Since the 
simulations are very time consuming, they were run starting from Xad-0.4 and stopped when Xad+0.1in 
order to capture the reactor performance at different Xad. The hydrogen purity obtained in the SE-SMR 
process is much higher than that in the SMR process.  For the SMR process, the hydrogen purity in the 
whole bed is about 73%-74%. While in the SE-SMR reactor, the CO2 adsorption will drive the SMR 
reaction equilibrium toward a higher H2 production. The H2 purities at the reactor outlet could be 
increased to about 98-98.1% in the simulations when the relative adsorption Xad is less than 0.8. This H2
purity agrees generally with the experimental data from the literature 98-99% [1]. This means that the 
sorbents will always provide the sorption enhancement effect before the breakthrough stage. Figure 2 
shows the axial temperature distribution for the two processes.  For SMR, due to the endothermic reaction, 
the temperature drops about 4 degrees from the bottom inlet to the top of the bed.  For SE-SMR, due to 
the heat addition of the exothermic CO2 adsorption reaction, the final temperature at the top just drops a 
little bit compared with the inlet one. Hence, it is possible that the heat exchanger applied for the SMR 
reactor could be neglected.  
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Figure 1 Axial hydrogen purity distribution (Tin=873K, mole steam to carbon feed ratio:3, catalyst to sorbent mass ratio:2.5).  
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Figure 2 Axial gas temperature distribution (Tin=873K, mole steam to carbon feed ratio:3, catalyst to sorbent mass ratio:2.5).   
Figure 3 shows the sorbent particle flow profiles in the SMR and SE-SMR reactors.  In all cases shown 
in this figure, there are the inner-circulations of the particles, which ensure that the axial temperature to be 
uniform. Notice that the flow profiles change dramatically in the SE-SMR process. This phenomenon is 
closely related to the CO2 adsorption process. Due to the CO2 adsorption, the weight of the catalysts will 
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Figure 3 Sorbent flow profiles  
 increase. In this process, the density of the sorbents can increase from 1560 kg/m3 initially to 2230 kg/m3
at the theoretically complete adsorption state. Initially due to the sorbent-catalyst density difference, the 
binary particles segregate. The heavy catalysts tend to sink, while the light sorbents tend to rise. 
Gradually in the SE-SMR process, the binary particle density difference is decreasing, and they tend to be 
well-mixed. The complex behaviours of the gas-particle and particle-particle interactions lead to different 
flow profiles.  
Figure 4 Binary particle axial segregation distribution
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Figure 4 shows the resulting sorbent-catalyst segregation. As the SE-SMR process develops, the weight 
of the sorbents increases and the density difference between the sorbents and catalysts decreases, thus the 
binary particle mixture gradually tend to be well-mixed starting from a segregation state, therefore the 
sorbent particles are either at the upper sections of the bed or well-mixed with the catalyst, thus the 
adsorption of CO2 can always ensure the sorption enhancement.   
4. Conclusion 
The SE-SMR process operated in a laboratory scale fluidized bed reactor is investigated using a three-
fluid model. The binary particles segregate initially due to the big density difference, and tend to be well-
mixed as the process proceeds. The flow profiles of the particles change dramatically in this process. The 
hydrogen purity at the outlet is between 98-99% before the breakthrough, which is much higher than that 
for the SMR process.  Therefore, the natural dolomite sorbents used in at this investigation can ensure 
continual sorption-enhancement. 
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